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In the framework of quark-hadron duality, the ross setion values of harmonium
and doubly harmed baryon prodution in e+e−-annihilations have been estimated
at interation energy
√
s = 10.6 GeV. It has been shown that the approah under
disussion allows to resolve some ontraditions between the experimental data and
pQCD preditions.
I. INTRODUCTION
Until reent times, the alulation of J/ψ prodution ross setion was done within the
so-alled δ-approximation, whih is based on the fatorization theorem of QCD. In the
approah under disussion, relative momenta of valene quarks of J/ψ-meson are not taken
into aount in the hard part of amplitude. One supposes that both valene quarks are on-
shell and eah of them arries a half of the total J/ψ-meson momentum. Nevertheless, the
reent experimental results of the BELLE and BABAR Collaborations on J/ψ-prodution
in e+e− annihilations demand an essential revision of the alulation tehniques based on
QCD fatorization theorem. Indeed, the ross setion value of harmonium pair prodution
in e+e− annihilations estimated in the framework of the δ-approximation [1℄ underestimates
the experimental data by an order of magnitude [2, 3℄. The detailed analysis has shown
that suh underestimation is aused by large fixed virtualites of the intermediate quark and
gluon q2 ∼ Q2
4
(Q2 is a virtuality of the initial photon, see Fig. 1), whih our within the
δ-approximation tehnique.
Taking into aount the relative motion of valene quarks allows to remove ontraditions
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2between theory and experiment, at least in priniple. Calulations of the pair quarkonium
prodution in e+e− annihilations, obtained within a light one formalism [4℄ are in a qual-
itative agreement with the experimental data of the BELLE and BABAR Collaborations.
In these works, the δ-shaped wave funtion of quarkonium was replaed by a funtion f(x),
whih is "spread" on x, where x is a momentum fration of the quarkonium arried by a
valene quark in the infinite momentum frame. Thus, the longitudinal "internal motion" of
the valene quarks is taken into aount
1
. This spreading leads to a derease of effetive
virtuality of the intermediate quark and gluon, and, therefore, to an inrease of the predited
ross setion value.
In spite of ertain suess in the desription of harmonium pair prodution, unertainties
of the onrete model realization remain. These are unertainties of wave funtion value,
final c-quark virtualities, and standart unertainties of running onstant value αs, c-quark
mass value mc, et.
The ross setion of inlusive harmonium prodution in e+e− annihilations (e+e− →
harmonium+ c + c¯) depends on model unertainties to a lesser extend [6, 7℄, beause the
largest ross setion fration for suh proess is determined by the smallest virtualities of the
intermediate quark and gluon (Fig. 1). Taking into aount the relative motion of quarks
hanges the the result less than 10% [8℄, and a general dependene on hoie of mc and αs
values remains.
In this work we perform a new analysis of four harmed quark prodution in e+e− anni-
hilations within the quark-hadron duality.
II. EXCLUSIVE AND INCLUSIVE CHARMONIUM PRODUCTION
It is reasonable to desribe the ross setion of four c-quark prodution in the proess
e+e− → cc¯cc¯, (1)
in the framework of perturbative QCD. A value of mc = 1.25 GeV an be hosen for the
c-quark mass. This value is the same as that adopted for QCD sum rules. The strong
1
It is worth to note that the problem of internal motion of valene quarks inside J/ψ-meson was disussed
a rather long time ago. See, for example, works [5℄, where it was suggested to use the struture funtion
of J/ψ in form Fc = x
2.2(1− x)2.45.
3oupling onstant at the sale of mc is put to αs = 0.24. It is worth to mention that the
hoie of relatively small value of c-quark mass makes a use of quark-hadron duality more
onvining, beause the masses of observed doubly heavy hadrons lie approximately in the
enter of duality interval at this mc value.
The ross setion value of proess (1) an be onsidered as a sum of ross setion values
of all proess with four c-quarks. Leading order alulations with the hosen values of αs
and mc at
√
s = 10.6 GeV give the following ross setion value of the proess
σ(e+e− → cc¯cc¯) = 372 fb. (2)
The ross setion of pure eletro-dynamial prodution of four c-quarks is only 1 ÷ 2% of
the above value.
There are unertainties in predition for the proess (1) due to the hoie of mc and αs
values. The mc and αs used here lead to the most optimisti predition for the ross setion
value of four c-quark prodution. This value an be onsidered as an upper limit of four
c-quark yield. The performed estimation (2) is in aordane with the ross setion value at
Z0-boson peak [9℄.
As it was noted earlier [10℄, for the proesses
e+e− → J/ψ + c+ c¯, (3)
e+e− → ηc + c+ c¯, (4)
the total ross setion values estimated within the δ-approximation [6, 7℄ agree with the ross
setion value of prodution of olor singlet cc¯-pair alulated for a some duality interval.
Using values of wave funtion at origin |Rs(0)|2 = 0.67GeV3 and the harmonium mass
value 3 GeV, the following results have been obtained for J/ψ and ηc prodution at
√
s =
10.6 GeV:
σ(e+e− → J/ψ + c+ c¯) = 104 fb, (5)
σ(e+e− → ηc + c+ c¯) = 40 fb. (6)
Therefore,
σ(J/ψ)/σ(ηc) = 2.6. (7)
A ontribution of higher S- and P -wave harmonium exitations into the inlusive pro-
dution ross setion is about 50% [7℄, onsequently the total ross setion value an be
4estimated
2
as 216 fb. This value an be ompared to the ross setion value obtained in
the appropriate duality interval of mass spetrum of olor singlet cc¯-pairs produed in the
proess (1):
2mc < mcc¯ < 2mD +∆, (8)
where mc = 1.25 GeV, ∆ = 0.5 GeV, and mD is the experimental D-meson mass. Thus,
one an obtain:
∫ 2mD+∆
2mc
dσ (e+e− → (cc¯)singlet + c+ c¯)
dmcc¯
dmcc¯
∣∣∣∣∣
∆=0.5GeV
= 280 fb. (9)
This value should be ompared with 216 fb. Therefore, for the ase of inlusive harmonium
prodution (3) and (4) for some ∆ a fair agreement between the results of δ-approximation
and the quark-hadron duality hypothesis an be ahieved. For the olor singlet pairs with
a definite spin value (S = 0 or S = 1) one an obtain:
∫ 2mD+∆
2mc
dσ(e+e− → (cc¯)Ssinglet + c+ c¯)
dmcc¯
dmcc¯
∣∣∣∣∣
S=1
∆=0.5GeV
= 204 fb, (10)
∫ 2mD+∆
2mc
dσ(e+e− → (cc¯)Ssinglet + c+ c¯)
dmcc¯
dmcc¯
∣∣∣∣∣
S=0
∆=0.5GeV
= 76 fb. (11)
If one supposes that the spin-triplet cc¯-pair (S = 1) most probably transforms into a J/ψ
meson and the spin singlet cc¯-pair (S = 0) most probably transforms into ηc, then
σ(J/ψ)/σ(ηc) = 2.7. (12)
This ratio is in a good agreement with one alulated in the frame work of the δ-
approximation.
Thus for the ase of inlusive harmonium prodution, the both approahes under dis-
ussion agree. Contrary, for a ase of exlusive harmonium pair prodution the ross
setion value alulated within the quark-hadron duality hypothesis is larger than the δ-
approximation predition by one order of magnitude. Suh a differene ours beause the
quark-hadron duality allows to take into aount the internal motion of quarks inside har-
monium. Indeed, a quark and an antiquark produed in duality interval (8) and fused into
harmonium aording to the quark-hadron duality hypothesis an have different veloities.
2
Here and below the proess of one-photon annihilation is disussed. Two-photon annihilation e+e− →
γ∗γ∗ → J/ψ + c+ c¯ ontributes less than 10% into the total ross setion value [11℄.
5This dereases the effetive virtuality of the intermediate gluon and quark, and inreases
onsequently the predited ross setion value.
The exlusive harmonium pair prodution ross setion an be estimated by piking
out the both cc¯-pairs produed in the proess (1) in appropriate duality intervals and in
olor-singlet state. In our alulations, we will also distinguish spin states of the pairs (S1
and S2, orrespondingly). The alulation results are as follows:
∫∫ 2mD+∆
2mc
d2σ
(
e+e− → (cc¯)S1singlet + (cc¯)S2singlet
)
dmcc¯1dmcc¯2
dmcc¯1dmcc¯2
∣∣∣∣∣∣
S1=0, S2=0
∆=0.5GeV
= 1.2 fb, (13)
∫∫ 2mD+∆
2mc
d2σ
(
e+e− → (cc¯)S1singlet + (cc¯)S2singlet
)
dmcc¯1dmcc¯2
dmcc¯1dmcc¯2
∣∣∣∣∣∣
S1=0, S2=1
∆=0.5GeV
= 19.4 fb, (14)
∫∫ 2mD+∆
2mc
d2σ
(
e+e− → (cc¯)S1singlet + (cc¯)S2singlet
)
dmcc¯1dmcc¯2
dmcc¯1dmcc¯2
∣∣∣∣∣∣
S1=1, S2=1
∆=0.5GeV
= 19.8 fb. (15)
One an suppose that if S1 = 0 and S2 = 1 (or, S1 = 1 and S2 = 0), then J/ψ and ηc are
produed in most ases; if S1 = 1 and S2 = 1, then J/ψ and P -wave state of quarkonium
are most probably produed. Then the ross setion of proess
e+e− → J/ψ + harmonium (16)
at
√
s = 10.6 GeV an be estimated to be about 40 fb. This value an be ompared with
the experimental data on the harmonium pair prodution:
σ(e+e− → J/ψ + harmonium) = 55± 10 fb (BELLE Collaboration), (17)
σ(e+e− → J/ψ + harmonium) = 44.3± 9 fb (BaBar Collaboration). (18)
One an onlude that the quark-hadron duality predition does not ontradit the ex-
perimental data within experimental errors and unertainties in mc and αs values. There is
ertaintly no reason to talk about the disrepany of order of magnitude, as it is a ase for
the preditions of the δ-approximation [1℄. It is worth to note, that the alulation results
(14) and (15) indiate a large yield of P -wave states, whih is omparable with the yield
of ηc and η
′
c. It is also in agreement with the experimental data of the BELLE and BaBar
Collaborations.
In the work [12℄ the quark-hadron duality hypothesis was ombined with the Colour
Evaporation Model predinting a yield of harmonium state with the total angular momen-
tum J is proportional to 2J + 1. Obviously, this model annot be applied to the proess
6e+e− → J/ψ +X beause the quantum numbers of J/ψ and X hannel are strongly orre-
lated.
The above estimations allow to predit the ross setion of proess e+e− → J/ψ +DD¯.
Subtrating the ross setion value of exlusive pair prodution proess from the ross setion
value of inlusive harmonium prodution proess (3) one an obtain:
σ(e+e− → J/ψ +D + D¯) ≃ 240 fb. (19)
That value an be ompared with that obtained by the BELLE Collaboration [13℄:
σ(e+e− → J/ψ + c + c¯) = 870± 26 fb. (20)
Thus, our preditions underestimates the experimental results by several times. Moreover,
within the model under disussion the ross setion value for the proess e+e− → J/ψ+DD¯
annot be larger than the ross setion value of four harmed quark prodution, i.e. it an be
not large then 330 fb, and the essential fration of this value should inlude doubly harmed
baryon ontribution. It is disussed in the next hapter.
III. DOUBLY CHARMED BARYON PRODUCTION
Let us estimate how often a cc-pair is produed in the olor antitriplet state with a
small invariant mass in a system of four c-quarks. Suh an objet an be onsidered as
a andidate to reate a doubly harmed baryon (see also [10℄). In the duality interval
2mc < mcc < 2mD + ∆ for αs = 0.24, mc = 1.25 GeV, and ∆ = 0.5 GeV, one obtains the
following ross setion value:
σ
(
e+e− → (cc)3¯/(c¯c¯)3 +X
)
= 170 fb. (21)
For the prodution of both cc- and c¯c¯-pairs in the above duality interval, the ross setion
value is
σ
(
e+e− → (cc)3¯ + (c¯c¯)3
)
= 32 fb. (22)
We assume that in the kinematial region under disussion a doubly harmed baryon
and an antibaryon are reated with high probability. The rest of the ross setion value
σ(e+e− → (cc)3¯/(c¯c¯)3 + X) (about 140 fb) should be onsidered as an upper limit for the
ross setion of the proesses like e+e− → Ξcc + Λ¯c + D¯.
7Let us disuss here a relation between the inlusive harmonium prodution and the pro-
dution of doubly harmed baryons. The c-quark and c¯-quark produed in the intermediate
gluon splitting have rather often almost the same veloities and this provides the minimum
virtuality of intermediate gluon (∼ 4m2c). Let us suppose that the olor singlet cc¯-pair is
produed with a small invariant mass. Either c-quark or c¯-quark in this pair is produed by
the splitting gluon. For the sake of simpliity, let us suppose that it is a c¯-quark. Then the
remaining c-quark (whih does belong to the pair under onsideration) is also produed by
the splitting gluon. It means that there is a large probability for this c-quark to have a ve-
loity lose to the veloity of the olor singlet cc¯-pair. This is why the remaining c-quark an
reate with c-quark from cc¯-pair an antitriplet state with a small invariant mass. Therefore
suh a ccc¯-system an reate a harmonium, as well as a doubly harmed baryon. Within
the δ-approximation, the relative inlusive yield of harmonia and doubly harmed baryons
are determined by the ratio of squared wave funtions at origin for harmonium and doubly
harmed diquark, orrespondingly. Unfortunately, the quark-hadron duality tehnique does
not allow to definitely separate these yields for the ase of inlusive prodution.
Contrary, the exlusive proess of harmonuim pair prodution and the proess of pair
prodution of doubly harmed baryons are well separated kinematially, and the problem
under disussion does not arise in this ase.
IV. PROCESS e+e− → J/ψgg
When the harmonia prodution in e+e−-annihilation is disussed, the proess
e+e− → J/ψgg (23)
annot be ignored (see Fig. 2). The detailed study of the proess is worthy of a separate
artile, beause the situation here is quite similar to one with the exlusive pair prodution of
harmonia (16). The treating of the proess (16) within the δ-approximation leads to large
fixed virtualities of intermediate quarks, as in the ase of proess (16). This means, that
the δ-approximation leads to the underestimated value of the ross setion of the proess
(23), as well as (16). The value of effetive virtuality predited within the quark-hadron
duality is less then the value predited within the δ-approximation, and it leads to the ross
setion value inrease. In this work we do not intend to study the proess e+e− → J/ψgg
8in details and only give the ross setion value predited in the framework of hypothesis of
the quark-hadron duality. For ∆ = 0.5 GeV and for the invariant mass of two final gluons
larger than two masses of pi-meson (mgg > 2Mpi), one an obtain:
∫ 2mD+∆
2mc
dσ(e+e− → (cc¯)Ssinglet + gg)
dmcc¯
dmcc¯
∣∣∣∣∣
S=1
∆=0.5GeV,mgg>2Mpi
= 1.96 pb, (24)
∫ 2mD+∆
2mc
dσ(e+e− → (cc¯)Ssinglet + gg)
dmcc¯
dmcc¯
∣∣∣∣∣
S=0
∆=0.5GeV,mgg>2Mpi
= 1.00 pb. (25)
If one suppose that the pair with a spin value of S = 1 most probably reates J/ψ-state,
then the results (24) should be onsidered as the ross setion value estimation for the proess
e+e− → J/ψgg. Of ause, this estimation is quite rough. In addition, our alulations show
that the predition value depends quite strongly on ∆. For example, at ∆ = 0.1 GeV the
ross setion value of the e+e− → J/ψgg is about 0.6 pb, whih is in agreement with the
experimental data. To ahieve a better reliability of the preditions, one an introdue an
effetive mass of gluon into alulations, as it was done in the works [14, 15℄. Therefore, the
quark-hadron duality hypothesis does not ontradit the experimental data. Contrary, the
preditions of the δ-approximation [15, 16℄3 are too small to desribe the data.
V. CONCLUSIONS
Until reently, it was believed that the experimental data on J/ψ prodution in e+e−-
annihilation annot be desribed within the perturbative QCD. This onlusion was based on
alulation whih does not take into aount the motion of the valene quark inside the J/ψ-
meson. Taking into aount the "internal motion" by means of light one wave funtion,
as it is done in works [4℄, or by means of quark-hadron duality, as it is done in the present
work, allows to resolve some ontraditions between the pQCD and the experimental data.
One an ertainly laim that the experimental data on the harmonium pair prodution
in e+e−-annihilation, as well as the experimental data on harmonium prodution in the
proess e+e− → J/ψgg, do not ontradit pQCD preditions.
Nevertheless, the experimental value of the inlusive ross setion of J/ψ prodution in
the proess e+e− → J/ψ+D+D¯ is still underestimates by theoretial preditions. Even our
3
In the work [15℄ the fator of 1/2 has been missed in the ross setion alulation for the proess e+e− →
J/ψgg. The revised predition value is about 0.35 pb instead of 0.7 pb.
9very optimisti estimation of the ross setion value (330 fb at 10.6 GeV) is approximately
three times less than the experimental result. Moreover, we think that the value of about
200 fb seems to be the more reasonable estimation of the proess ross setion.
In onlusion it is worth to mention one more time, that the alulations done in this
work within the quark-hadron duality hypothesis suggest, that the ross setion of the pair
prodution of doubly harmed baryons in e+e−-annihilation ould be of the same order as
the ross setion of harmonium pair prodution.
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Figure 1: The leading order diagrams for the proess e+e− → J/ψ + cc¯. Q is momentum of the
photon and q is momentum of the intermediate quark or gluon. The average of q2 in the total phase
spae is about several m2c . If both cc¯-pairs are fused into harmonia (e
−e+ → J/ψ+ harmonium),
then q2 ∼ Q2/4 within the δ-approximation.
12
Q
qe
e
g
J= 
g
g g
+
2
1
1 2
 
+[ ] !
Figure 2: The leading order diagrams for the proess e−e+ → J/ψgg.
